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INTRODUCTION
Titanium (Ti) and its alloys have become one of the most attractive biomaterials thanks to their remarkable mechanical and corrosion resistance properties, as well as biocompatibility. However, the formation of a bacterial surface biofilm, compromised immunity at the implant/tissue interface and poor tribological performance may lead to persistent infections on and around corrosion resistant Ti biomaterials used in corrosive environments [1, 2] . Thus, numerous strategies focusing on the surface modification of Ti alloys have been employed to render them protection from both wear, corrosion and even tribocorrosion [3] [4] [5] . The strategies include physical vapour deposition [6] , thermal spray [6, 7] , ion or laser nitriding [8] [9] [10] , thermal oxidation [11, 12] , micro-arc oxidation [13] [14] [15] , diffusion [16] and anodic oxidation treatments [17] . On the other hand, the antibacterial properties are also necessary for Ti implant RESEARCH when exposed to the living tissue [18] . To add biofunction to Ti alloys, a process that changes a material's surface composition, structure, and morphology, leaving the bulk mechanical properties intact is necessary.
Antimicrobial, hard, wear and corrosion resistant surfaces reduce infection complications to prolong the useful life of dental and orthopedic implant materials. By doing so, surface engineered Ti implants could be able to withstand corrosive environment while simultaneously offering an improved wear protection and antibacterial activity. To achieve the desired results, electroless Ni-B coatings are good candidates to use in a variety of industrial applications for the following reasons: their unique properties, such as high hardness, low wear, lubricity, uniform thickness, good ductility, excellent solderability and antibacterial activity [19] . The aim of the present study is to investigate the effect of electroless Ni-B coating on the structural, tribocorrosion and antibacterial properties of commercial pure Ti (CP-Ti), which has not been reported yet.
EXPERIMENTAL METHODS
The CP-Ti (Grade 2) having a dimension of 20×20×1 mm3 was used as the substrate material. Before deposition, the surface of the CP-Ti samples was degreased with acetone, and rinsed with distilled water, and picked in 6 % HF washed thoroughly with distilled water and dried in air. The chemical composition and operation conditions of the electroless Ni-B solution are reported in Table 1 . Tribocorrosion experiments were conducted in a triboelectrochemical cell containing 25 ml of simulated artificial saliva (SAS) installed on a linear reciprocating ball-on-flat tribometer with the working surface of the testing samples facing upwards against the counter material (10 mm diameter Al2O3 ball). Reciprocating sliding tests were carried out under Open Circuit Potential (OCP) conditions. OCP was monitored before, during and after reciprocation sliding contact with the Al2O3 ball. A potentiostat was used to record the potential between the testing sample and the reference electrode during tribocorrosion tests. The tribocorrosion tests consisted of the three steps: (1) stabilization of the system under the OCP for 600 s (in absence of sliding) to achieve a stable passive surface; (2) sliding under the OCP for 2700 s; (3) restabilization of the system under OCP (after sliding was stopped) for 600 s. The sliding started in a reciprocating system with total stroke length of 10 mm, sliding speed of 1.7 cm s -1 , normal load of 5 N and total sliding distance of 50 m. During the test, sample surface with an area of 1.5 cm 2 was exposed to the corrosive electrolyte. After tribocorrosion tests, the wear scars and Al2O3 balls were cleaned following the same cleaning procedure applied before testing and the contact surfaces of wear scars and Al2O3 balls were examined by SEM and LOM, respectively. Total material loss rates were determined by measuring the 2-D crosssectional area profile of the wear scars (in three locations) by using a contact profilometer (Mitutoyo Surtest SJ-400) and converting this to a wear volume by taking account of the scar length. By the end of the OCP tribocorrosion tests, optical densities of SAS solution were measured using a UV-Spectrophotometer. Freshly prepared SAS was analysed as the reference to evaluate the optical densities of solutions.
After the spectrophotometric measurement of freshly prepared SAS solution by using fix visible light (wave length: 250 nm), the data obtained was automatically adjusted to zero in order to determine the optical densities of the SAS solutions utilized in the OCP tribocorrosion tests.
The antibacterial activity of electroless Ni-B coating on a CP-Ti substrate was determined using Escherichia coli O157:H7 (E. coli, Gram negative) by a disc diffusion method on nutrient agar medium. The untreated CP-Ti was used as a control. Bacterial suspensions (10 8 colony forming units/mL final cell concentrations) were poured into Petri dishes (9 cm) from flasks containing 25 mL sterile nutrient agar. Then the bacteria were evenly distributed over agar surface by a sterile bent. In this way, the large part of the bacteria was on the growth medium for cultivation. The inoculated plates were incubated aerobically at 37 h, and then testing results were assessed. By measuring the diameter of the circular shape around the samples, which is inhibition halo (technically known as a ''plaque'', or zone of inhibition), provided information about the sensitivity or resistance of the cultivated microorganism to the biocide coating. All of the tests were done in triplicates.
RESULTS AND DISCUSSION
Figures 1a and 1b displays the morphological and cross-sectional micrographs of the deposited electroless Ni-B coating on the CP-Ti substrate, respectively. The result of Figs. 1a and 1b signs a columnar morphology without porosity and cracks, with a typical cauliflowerlike surface texture. In fact this kind of surface morphology is responsible for the lubricious characteristics of the Ni-B coatings [19, 20] . It is evident that a deposit close to 15 μm is achieved at the CP-Ti substrate surface and the nickel agglomerates are distributed randomly in it. As is obvious in this figure, a desirable adhesion was established between the Ni-B coating and CP-Ti substrate. Figure 2 shows the EDS spectra of the Ni-B coated CP-Ti. Quantitative elemental analysis of the coating indicates that the amount of boron is between 4 to 7 wt.%. Some researchers [21] have noted that boron content of electroless Ni-B coatings ranges almost from 1 to 10 wt.%, and the electroless Ni-B coating is amorphous for boron content higher than 5 wt.% [22, 23] , as suggested by XRD data (Fig. 3) . The XRD patterns of the untreated CP-Ti and Ni-B coated CP-Ti are given in Fig. 3 . As expected, the untreated CP-Ti is entirely composed of hexagonal -phase (denoted as ''Ti'' in Fig. 3 ). On the other hand, the XRD pattern in Fig. 3 indicates the formation of Ni-B deposit in amorphous phase on the surface of CP-Ti, which is observed with the development of a single broad peak around 45which corresponding to Ni (111). The predominance of peak pertaining to amorphous phase with a corresponding absence in the intensity of the peaks pertaining to -Ti confirms the formation of a thick (15 m) and homogeneous Ni-B layer (Fig. 1b) , which would otherwise exhibit -Ti as the predominant peak in the XRD pattern. In terms of Knoop microhardness, the formation of Ni-B film on the CP-Ti enables a significant improvement in cross-section hardness due to the presence of boron in the interstitial solid solution. Almost a three-fold increase in microhardness from 279 ±11 to 818 ±61 HK0.01 is observed for CP-Ti after electroless Ni-B coating. The tribocorrosion tests were performed at OCP conditions and the evolution of the potential as a function of time is shown in Fig. 4 along with their corresponding friction curves. The change in OCP of the untreated CP-Ti and Ni-B coated CP-Ti was measured before, during and after the sliding motion. Before sliding, the OCP of both untreated CP-Ti and Ni-B coated CP-Ti was about -320 mV. During the sliding, it can be clearly seen for the Ni-B coated CP-Ti that an initial drop in the OCP values at the beginning of the test was observed and then the Ni-B coated CP-Ti presented relatively stable OCP values. This indicates that the coating was not destroyed during sliding, hence no changes in the OCP until the end of the test. In fact, the cross-section scans performed across each wear showed that the wear scar depth for the Ni-B coated CP-Ti was 9 μm (Fig. 5 ). This clearly indicates that this coating was not fully penetrated. Therefore, the underlying CP-Ti substrate was neither exposed to the corrosive environment nor affected by plastic deformation. On the other hand, in case of the untreated CP-Ti, when sliding started, a sudden drop in the potential of 630 mV can be observed. The voltage drop indicates the destruction of the passive layer at the contact region [24, 25] suggesting an increase in susceptibility of the CP-Ti surface for corrosion, and therefore a need for surface protection. In this case, the wear scar depth of the untreated CP-Ti was found to be approximately 15 μm (Fig.  5) . It should be noted that the OCP stayed low during the sliding, constant at about -950 mV, together with high oscillations that are usually attributed to the repeated action of depassivation and repassivation of the untreated CP-Ti under sliding against an Al2O3 ball [24, 25] . Furthermore, the OCP during the wear test for the Ni-B coated CP-Ti was higher than the OCP of the untreated CP-Ti, indicating that the Ni-B coating was effective in protecting the untreated CP-Ti from corrosion during sliding. After the sliding motion was stopped, the untreated CP-Ti presented a shift in the noble direction with respect to the OCP, suggesting a progressive repassivation of the wear scar area, whereas the OCP values of the Ni-B coated CP-Ti became stable near the values recorded before the sliding started.
The untreated CP-Ti exhibited the highest and most unstable friction coefficient (Fig. 4 b) , confirming its already known poor tribological characteristic, and thus the need for surface protective treatment. On the other hand, it can be clearly seen that the Ni-B coated CP-Ti showed a lower and more stable friction coefficient in comparison to the untreated CP-Ti substrate (Fig. 4 b) . This could be attributed to the function of lubricant of the particles belonging to NiB coating with columnar structure under conditions of tribocorrosion (SAS solution). Accordingly, the Ni-B coated CPTi presented the low wear volume loss and the friction-reducing performance together with high amount of material transfer into the SAS solution ( Table 2) . The low and high magnification views of the wear scars developed on the samples and their corresponding testing balls are shown in Fig. 6 .
As can be seen in Fig. 6 , the worn surface of the untreated CP-Ti exhibited obviously microcutting, plowing grooves and plastic deformation, and the worn surface of Ni-B coated CP-Ti was narrow with a smooth and polished appearance. It can be found that the size of worn surfaces of the Al2O3 balls is also similar to the results in Table 2 . Although the microhardness of the CP-Ti substrate was lower than that of Al2O3 ball, the CP-Ti had negative effects on the Al2O3 ball and the worn surface of the Al2O3 ball presented obvious plastic deformation, as shown in Fig. 6a because the amount of soft untreated CP-Ti substrate transferred to the Al2O3 ball increased due to adhesion. Furthermore, the size of the worn surface of the Al2O3 ball in Fig. 6 b is significantly smaller than other, because of the existence of the self-lubricating Ni-B. Antibacterial activity of the untreated CP-Ti and the Ni-B coated CP-Ti on agar plate was examined on the diameter of basic inhibition zone of E. coli, gram-negative bacteria, using disc diffusion technique. A zone of bacterial growth inhibition with a dimension of 30 mm was seen for the Ni-B coated CP-Ti, while growth inhibition was not observed for the untreated CP-Ti used as a control for comparative analysis (Fig. 7) . Thus, it appears that the Ni-B coated CPTi possess an excellent effectiveness in inhibition of bacterial growth comparing to the positive control. This could be attributed to the slight dissolving of Ni. It can be assumed that the release of Ni2+ from the Ni-B coating and its entry in bacterial cells can lead to a decrease of the bacterial growth. This mechanism has been proved for antibacterial activities of Ni-P coating [26] .
CONCLUSIONS
A simple and cost-effective method was employed to modify the surface of commercial CP-Ti alloy. The results are summarized as follows:
 The surface modification on CP-Ti used as the substrate has been successfully carried out by electroless Ni-B deposition. XRD examination reveals that -Ti phase for untreated CP-Ti and amorphous phase for Ni-B coated CP-Ti were obtained. The EDS analysis confirms the presence of Ni and B in the deposited layer. The LOM and SEM analyses show typical Ni-B coating structure with primary forms of a typical cauliflower-like morphology.
 Knoop microhardness of the modified surface reached 818 ±61 HK0.01, which was extremely higher as compared with the hardness of the original CP-Ti substrate of 279 ±11 HK0.01.
 Under OCP tribocorrosion conditions, the Ni-B coated CP-Ti exhibited better tribocorrosion performance when compared to the untreated CP-Ti. This was attributed to their improved frictional characteristics, and low wear scars depth that coincided with the absence of oscillations in the OCP.
 With an inhibition halo of 30 mm, the Ni-B coating exhibited a better biocidal effect on E. coli owing to less bacterial adhesion compared to the untreated CP-Ti control sample.
